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7KLV VWXG\ LQYHVWLJDWHV WKH EHKDYLRXU RI WKH FRPSRVLWH EHDPFROXPQ FRQQHFWLRQ WKURXJK D
FRPSUHKHQVLYHILQLWHHOHPHQW)(DQDO\VLVXVLQJDSHUIRUDWHGEHDPZLWKDFLUFXODUZHERSHQLQJWKH
VRFDOOHGUHGXFHGZHEVHFWLRQ5:6FRQQHFWLRQV5HVXOWVVKRZHGWKDWWKHH[LVWHQFHRIDZHERSHQLQJ
FDQEHHIIHFWLYHDVWKHVWUHVVHVDUHPRELOLVHGDZD\IURPWKHFROXPQIDFHWKXV WKHGXFWLOLW\DQGWKH
HQHUJ\GLVVLSDWLRQRIWKHFRQQHFWLRQFDQLPSURYHVLJQLILFDQWO\,QWKHSUHYLRXVUHVHDUFKWKHFRPSRVLWH
DFWLRQZDVQRWFRQVLGHUHGZLWKVFRSH WRDFFRXQW IRU WKHVHYHUHVWFDVH LQ WHUPVRI WKH ORDGFDUU\LQJ
FDSDFLW\ +RZHYHU WKLV VWXG\ SURYHV WKDW WKH FRPSRVLWH HIIHFW VKRXOG EH LQFOXGHG VLQFH LW KDV D
GHWULPHQWDO HIIHFW RQ WKH GXFWLOLW\ DQG WKH URWDWLRQDO FDSDFLW\ RI WKH 5:6 FRQQHFWLRQV ,W ZDV DOVR
FRQFOXGHGWKDWWKHFRQWULEXWLRQRIWKHFRPSRVLWHDFWLRQWRWKHORDGFDUU\LQJFDSDFLW\LQFUHDVHVZLWKWKH
LQFUHDVH LQ WKH ZHE RSHQLQJ GLDPHWHU 7KHUHIRUH WKH FDOFXODWHG QHJDWLYH FDSDFLW\ WHQGV WR EH YHU\
FRQVHUYDWLYHLIWKHFRPSRVLWHHIIHFWLVQHJOHFWHGZKHQWKHODUJHRSHQLQJGLDPHWHULVXVHG


.H\ZRUGV 5:6 FRQQHFWLRQ 3ODVWLF KLQJH 9LHUHQGHHO PHFKDQLVP &LUFXODU ZHE &RPSRVLWH EHDPFROXPQ
FRQQHFWLRQ









 ,1752'8&7,21

$V D UHVXOW RI LWV JRRG GXFWLOLW\ DQG ORDG FDUU\LQJ FDSDFLW\ FRPSRVLWH VWUXFWXUHV DUH
LQFUHDVLQJO\FRQVLGHUHGLQWKHEXLOGLQJGHVLJQSDUWLFXODUO\LQHDUWKTXDNHSURQHUHJLRQV7KH
LQSXWHQHUJ\GLVVLSDWHVPDLQO\E\WKHSODVWLFGHIRUPDWLRQRIWKHVWUXFWXUH6XFKGHIRUPDWLRQ
WDNHVSODFHDWKLJKVWUHVVFRQFHQWUDWLRQUHJLRQVVXFKDVWKHEHDPFROXPQFRQQHFWLRQV%HIRUH
WKH1RUWKULGJHHDUWKTXDNHLQ&DOLIRUQLDDQG.REHHDUWKTXDNHLQ-DSDQVWUXFWXUDO
HQJLQHHUV DQG UHVHDUFKHUV EHOLHYHG WKDW IXOO\ ZHOGHG FRQQHFWLRQV SURYLGH WKH RSWLPXP
FRPELQDWLRQRIVWUHQJWKDQGGXFWLOLW\+RZHYHUXQH[SHFWHGEULWWOHIUDFWXUHVDWWKHUHJLRQRI
WKH ZHOGHG EHDPWRFROXPQ FRQQHFWLRQV ZHUH VSRWWHG GXULQJ WKHVH HDUWKTXDNHV > DQG @
7KHUHIRUH WKH GXFWLOLW\ DQG VWUHQJWK RI WKH EHDPFROXPQ FRQQHFWLRQ LQHYLWDEO\ KDOW WKH
FOLPD[RIVWHHODQGFRPSRVLWHVWUXFWXUHVLQFDVHWKHVHOHFWHGSDUDPHWHUVRIWKHFRQQHFWLRQIDLO
WRDFKLHYHGXFWLOLW\WKDWWDOOLHVZLWKWKHV\VWHPOHYHO


 5(+$%,/,7$7,210(7+2'6

6WUHQJWKHQLQJRIWKHFRQQHFWLRQ

3UHYLRXVVWXGLHVFDUULHGRXWRQUHLQIRUFLQJFRQQHFWLRQVFRQFOXGHGWKDWUHWURILWWHGFRQQHFWLRQV
VXFK DV WKH XVH RI WULDQJXODU KDXQFK FRYHU SODWH RU VLGH SODWH PHWKRG GHOLYHUHG DQ
RXWVWDQGLQJ SHUIRUPDQFH E\ DFKLHYLQJ VLJQLILFDQW SODVWLF URWDWLRQ EHIRUH WKH IUDFWXUH ZDV
LQLWLDWHG>DQG@+RZHYHULQPRVWFDVHVLWLVUHTXLUHGWREUHDNLQJSDUWVRIWKHFRQFUHWHVODE
EHIRUH DGGLQJ WKH QHZ VWHHO SDUWV IRU VWUHQJWKHQLQJ 7KHUHIRUH WKH VWUHQJWKHQLQJ RI WKH
FRQQHFWLRQ LV XVXDOO\ WKH PRVW H[SHQVLYH PHWKRG LQ WHUPV RI WLPHFRQVXPLQJ UHTXLUHG
PDWHULDODQGLQVSHFWLRQ

5HGXFHGEHDPVHFWLRQ5%6

$QRWKHU DSSURDFK GHYHORSHG GXULQJ WKH ODVW GHFDGH ZDV ZHDNHQLQJ WKH EHDP E\ WULPPLQJ
DZD\VWHHOSDUWVDWGHVLJQDWHGORFDWLRQVVRWKDWWKHVWUXFWXUDOIXVHLVIRUPHGLQWKHEHDPZKLOH
WKHVWUHVVRIZHOGDQGKHDWHGUHJLRQVUHPDLQDW ORZVWUHVV OHYHOV7KHSDUWVFDQEHWULPPHG
IURPWKHEHDPIODQJHUHVXOWLQJWKHVRFDOOHG5HGXFHG%HDP6HFWLRQ5%6FRQQHFWLRQ0DQ\
SUHYLRXV VWXGLHV SURYHG WKDW WKH SODVWLF KLQJH ZDV IRUPHG DW WKH 5%6 ORFDWLRQ ZKLOH KLJK
GXFWLOLW\ZDVDFKLHYHG>DQG@+RZHYHUWKH5%6PHWKRGLVUHODWLYHO\FRVWO\DVLWLVDOVR
UHTXLUHGWREUHDNVRPHFRQFUHWHSDUWVDWWKHORFDWLRQRIFXWWLQJWKHIODQJHVDVZHOODVWKHFXWV
IURPWKHWRSDQGERWWRPVWHHOIODQJHVRIWKHEHDPVKRXOGEHSUHFLVHDQGV\PPHWULFDOWRDYRLG
RXWRISODQHLQVWDELOLW\RIWKHZHE

5HGXFHGZHEVHFWLRQ5:6

,QVWHDGRIUHGXFLQJWKHVHFWLRQE\WULPPLQJVWHHOSDUWVDZD\IURPWKHIODQJHVDQDOWHUQDWLYH
ZD\ LV WR FXW D VWHHO SODWH DZD\ IURP WKH EHDP ZHE LQWURGXFLQJ ZKDW LV QRZ NQRZQ DV
5HGXFHG :HE 6HFWLRQ 5:6 FRQQHFWLRQ 7KH VKHDU VWUHQJWK RI WKH EHDP DW WKH UHGXFHG
VHFWLRQLVGHFUHDVHGGHSHQGLQJRQWKHVL]HRIWKHZHERSHQLQJDQGWKHVKHDUIRUFHWUDQVIHUV
DFURVV WKH RSHQLQJ UHVXOWV LQ VHFRQGDU\ PRPHQWV NQRZQ DV WKH 9LHUHQGHHO PRPHQWV
9LHUHQGHHO PHFKDQLVP (YHQWXDOO\ WKH JOREDO VKHDU SODVWLF KLQJH LV IRUPHG DW WKH WHH
VHFWLRQUHGXFHGVHFWLRQGXHWRWKHLQWHUDFWLRQEHWZHHQWKHVHPRPHQWVDQGWKHPDMRUEHDP
PRPHQWV 

7KLVFRQQHFWLRQFRQILJXUDWLRQKDVUHFHLYHGOLPLWHGDWWHQWLRQFRPSDUHGZLWKWKHRWKHUW\SHVRI
UHWURILWWLQJ +RZHYHU WKH SHUIRUPDQFH RI WKH 5:6 FRQQHFWLRQV VKRZHG LWV FDSDELOLW\ WR
DFKLHYHWKHUHTXLUHGGXFWLOLW\DQGWRDYRLGWKHEULWWOHIDLOXUHRIWKHFRQQHFWLRQ>DQG@<DQJ
HWDO>@VWXGLHGWKHDVHLVPLFEHKDYLRXURIDVWHHOPRPHQWIUDPHZLWKZHERSHQLQJVWKDWKDYH
GLIIHUHQWGLDPHWHUVSODFHGDWDVSHFLILFSRVLWLRQDZD\IURPWKHFROXPQIDFH,WZDVFRQFOXGHG
WKDW WKH 9LHUHQGHHO PHFKDQLVP IRUPHG DW WKH ZHDNHQHG DUHDV UHVXOWHG LQ KLJK GLVVLSDWHG
HQHUJ\GXHWRWKHORFDOGHIRUPDWLRQDQGWKXVWKHEULWWOHZHOGIUDFWXUHZDVDYRLGHG


 6&23(2)7+(678'<

<HWWKHUHKDYHEHHQQRVWXGLHVUHSRUWHGRQWKHFRPSRVLWH5:6FRQQHFWLRQV7KHFRPSRVLWH
GRZQVWDQGEHDPVDUHZLGHO\XVHGLQHQJLQHHULQJSUDFWLFHVLQFHWKH\KDYHFRQVLGHUDEOHKLJKHU
VWUHQJWK DQG VWLIIQHVV FRPSDUHG ZLWK WKH QRQFRPSRVLWH EHDP 7KH FRPSRVLWH DFWLRQ PD\
LQFUHDVH WKH QRQFRPSRVLWH EHDP¶V VWUHQJWK E\  WLPHV XQGHU SRVLWLYH EHQGLQJ PRPHQW
>@+RZHYHUWKHH[LVWHQFHRIWKHVODEPD\EHGHWULPHQWDOLQFHUWDLQFDVHV2QHRIWKHPDLQ
UHDVRQVZKLFKOHGWRWKHSUHPDWXUHIDLOXUHRIVWHHOFRQQHFWLRQVGXHWRWKHSDVWHDUWKTXDNHV
ZDVWKHKLJKVWUDLQGHPDQGRIWKHERWWRPIODQJHDVDUHVXOWRIWKHXSZDUGVKLIWRIWKHQHXWUDO
D[LVGXHWRWKHFRPSRVLWHDFWLRQ,QWKLVSDSHUWKH5:6FRQQHFWLRQZLWKWKHFRPSRVLWHEHDP
ZDV LQYHVWLJDWHG WKURXJK D FRPSUHKHQVLYH )( DQDO\VLV ZKLFK ILUVWO\ YDOLGDWHG XVLQJ DQ
H[SHULPHQWDO WHVW IURP WKH OLWHUDWXUH $OVR QRQFRPSRVLWH 5:6 FRQQHFWLRQV ZLWK VDPH
RSHQLQJ FRQILJXUDWLRQ DQG SDUDPHWHUV DVVLJQHG WR WKH FRPSRVLWH FRQQHFWLRQV ZHUH
FRQVLGHUHG7KHEHKDYLRXURIERWKFRQQHFWLRQVZLWKDQGZLWKRXW WKHFRPSRVLWHEHDPZDV
FRPSDUHGWRGLVFHUQWKHHIIHFWRIWKHFRPSRVLWHDFWLRQRQ5:6FRQQHFWLRQV 


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
2QH RI WKH FRQQHFWLRQV H[SHULPHQWDOO\ WHVWHG E\ /HH HW DO >@ ZDV PRGHOOHG XVLQJ WKH
JHQHUDOSXUSRVH )( VRIWZDUH $%$486  >@ 7KH )( PRGHOV ZHUH GHYHORSHG XVLQJ
WKUHHGLPHQVLRQDO FRQWLQXXP VROLG HOHPHQWV 7KH FRPSXWDWLRQDO RXWSXWV ZHUH FRPSDUHG
DJDLQVW WKH H[SHULPHQWDO UHVXOWV LQRUGHU WRYDOLGDWH WKH)(PRGHOV7KH VHOHFWHG VSHFLPHQ
ZDV FRQYHQWLRQDOO\ WKH FRPSRVLWH EHDPFROXPQ FRQQHFWLRQ W\SH EROWHG ZHEZHOGHG
IODQJHVRIWHQUHIHUUHGWRDVD3UH1RUWKULGJHFRQQHFWLRQ)LJXUH 


Fig. 1. *HRPHWU\RIWKHVSHFLPHQ>@ 
(PEHGGHG HOHPHQW WHFKQLTXH LQ $%$486 ZDV XVHG WR PRGHO WKH LQWHUDFWLRQ EHWZHHQ WKH
VODEUHLQIRUFHPHQW DQG VODEVWXGV ,Q WKH HPEHGGHG HOHPHQW WHFKQLTXH WKH QRGHV¶
WUDQVODWLRQDO GHJUHHV RI IUHHGRP RI WKH UHLQIRUFHPHQW DQG VWXGV DUH FRQVWUDLQHG WR WKH
LQWHUSRODWHGYDOXHVRIWKHFRUUHVSRQGLQJGHJUHHVRIIUHHGRPRIWKHFRQFUHWHVODE7RVLPSOLI\
WKH PRGHO WKH LQWHUIDFH EHWZHHQ WKH ZHOGHG SDUWV LQ WKH H[SHULPHQWDO WHVW VXFK DV WKH
FROXPQDQGWKHEHDPZDVPRGHOOHGDV WLHFRQVWUDLQWSHUIHFWERQGLQWKH)(PRGHOV7KH
LQWHUIDFHEHWZHHQWKHVODEDQGWKHVWHHOEHDPDQGWKHFROXPQZDVFRQVLGHUHGDVIULFWLRQOHVV
IRUPXODWLRQDQGWKHVOLGLQJEHWZHHQWKHEHDPDQGWKHVODEZDVUHVLVWLQJE\WKHFRQQHFWLRQRI
WKH VKHDU VWXG 7KH QRUPDO FRQWDFW EHKDYLRXU ZDV GHILQHG E\ XVLQJ D KDUG FRQWDFW LQ
$%$486 ZKLFK GRHV QRW SHUPLW WKH WUDQVIHU RI WKH WHQVLOH VWUHVV DFURVV WKH LQWHUIDFH DQG
FRQVWUDLQWWKHQRGHVRQRQHVXUIDFHVRDVQRWWRSHQHWUDWHWKHRWKHUVXUIDFH

&\FOLFGLVSODFHPHQW ORDGZDVDSSOLHGDW WKHEHDPHQGDWPPIURPWKHFROXPQIDFH
7KH DSSOLHG GLVSODFHPHQW IROORZHG WKH $,6& >@ F\FOLF VHLVPLF ORDGLQJ SURWRFRO 7KH
JHRPHWULFQRQOLQHDULW\ZDV FRQVLGHUHG LQ WKH DQDO\VLV7KH DQDO\VLVZDV FDUULHGRXW RQ WKH
LPSHUIHFWPRGHOWRWULJJHUYDULRXVIDLOXUHPRGHV,QRUGHUWRLQWURGXFHDQLPSHUIHFWLRQLQWKH
JHRPHWU\ WKH EXFNOLQJ PRGH VKDSHV ZHUH FRPSXWHG LQ SULRU LQ VHSDUDWH EXFNOLQJ DQDO\VLV
DQG WKHQ WKH ILUVW EXFNOLQJ PRGH ZDV LPSOHPHQWHG WR SHUWXUE WKH JHRPHWU\ RI WKH SHUIHFW
PRGHO 

Fig. 2. )LQLWHHOHPHQWPHVK         
7KH)(PHVKRIWKHYDOLGDWHGPRGHOLVVKRZQLQ)LJXUHQRGHOLQHDUEULFNHOHPHQWVZLWK
UHGXFHGLQWHJUDWLRQ&'5ZDVPDLQO\DGRSWHGIRUWKHVROLGSDUWVEHDPVWKHFROXPQWKH
VODE SODWHV DQG VWXGV FRQVLGHULQJ WKDW D ILQH PHVK ZDV DVVLJQHG IRU SDUWV H[SHFWLQJ WR
UHFHLYHKLJKVWUHVVFRQFHQWUDWLRQDQGDFRDUVHPHVKIRURWKHUSDUWV 

7KH PDWHULDO QRQOLQHDULW\RI WKH VWHHO EHDPV fy 03D DQG fu=455MPa DQG WKH FROXPQ
fy 03D DQG fu=512MPa ZDV FRQVLGHUHG GXULQJ WKH DQDO\VLV E\ DGRSWLQJ ELOLQHDU
VWUHVVVWUDLQ UHODWLRQ 7KH WDQJHQW PRGXOXV ZDV DVVXPHG E 03D 7KH HODVWLF PRGXOXV
*3DDQG3RLVVRQ¶VUDWLRZHUHDVVLJQHGIRUWKHVWHHOPDWHULDOLQWKHHODVWLFUDQJH7KH
FRQVWLWXWLYH PRGHO FRQFUHWH GDPDJH SODVWLFLW\ &'3 LQ $%$486 ZDV DGRSWHG 7KH &'3
PRGHOLVFDSDEOHRIUHSUHVHQWLQJWKHFRQFUHWHFUXVKLQJDQGIRUPDWLRQRIFUDFNV

7KH QRUPDOLVHG PRPHQW DW WKH FROXPQ IDFH DJDLQVW WKH VWRU\ GULIW URWDWLRQ FXUYH REWDLQHG
IURPWKH)(PRGHOOLQJDUHSORWWHGLQ)LJXUHWRJHWKHUZLWKWKHWHVWGDWDIURP/HHHWDO>@
IRUDGLUHFWFRPSDULVRQ7KHQRUPDOLVHGPRPHQWZDVFDOFXODWHGEDVHGRQWKHDFWXDOSODVWLF
PRPHQWRI WKH VWHHO VHFWLRQRQO\7KH LQLWLDO VWLIIQHVV DQGSRVWHODVWLFEHKDYLRXUZHUHZHOO
PDWFKHGIRUWKH)(PRGHODQGWKHH[SHULPHQWDOWHVW7KHUHIRUHLWPLJKWEHFRQFOXGHGWKDWWKH
)(PRGHOZDVDSSURSULDWHWRFDUU\RXWWKHSDUDPHWULFDQDO\VLV


Fig. 3. &RPSDULQJEHWZHHQDQDO\WLFDODQGH[SHULPHQWDOUHVXOWV 


 $5($2),17(5(67

,QRUGHUWRXQGHUVWDQGWKHHIIHFWRIRSHQLQJRQWKHEHKDYLRXURIWKHFRPSRVLWHFRQQHFWLRQD
SHUIRUDWHG EHDP ZLWK RQH FLUFXODU ZHE RSHQLQJ EXW YDULRXV SDUDPHWHUV ZDV FRQVLGHUHG
)XUWKHUPRUH VLPLODU QRQFRPSRVLWH FRQQHFWLRQ ZLWKRXW FRQFUHWH VODE ZLWK VDPH RSHQLQJ
SDUDPHWHUV DVEHIRUHZHUH H[DPLQHGDQG WKH UHVXOWVZHUH FRPSDUHG DJDLQVW WKH FRQQHFWLRQ
ZLWK WKH FRPSRVLWH EHDP 7KLV SDSHU IRFXVHV RQ WKH HIIHFW RI RSHQLQJ GHSWK d0DQG WKH
GLVWDQFHEHWZHHQWKHIDFHRIWKHFROXPQWRWKHFHQWUHOLQHRIWKHZHERSHQLQJ S,)LJXUH
7KUHHGLIIHUHQWYDOXHVIRUd0DQGILYHYDOXHVIRUSSDUDPHWHUVZHUHLQYHVWLJDWHGDVIROORZV
d0=0.5h, 0.67h, and 0.75h 
S=0.5h, 0.75h, 1.25h, and 1.5h ZKHUHhVWKHRYHUDOOVHFWLRQKHLJKWRIWKHVWHHOEHDP

7KUHH VSHFLILF ILHOG LGHQWLILHUV DV LOOXVWUDWHG LQ )LJXUH  LGHQWLI\ WKH VSHFLPHQ 7KH ILUVW
LGHQWLILHU UHSUHVHQWV WKH W\SH RI WKH EHDP QRQFRPSRVLWH RU FRPSRVLWH 7KH VHFRQG
LGHQWLILHUUHSUHVHQWVWKHGLDPHWHURIWKHRSHQLQJDVDSHUFHQWDJHRIWKHEHDPGHSWK7KHWKLUG
LGHQWLILHULQGLFDWHVWKHHQGGLVWDQFHDVDSHUFHQWDJHRIWKHEHDPGHSWK


Fig. 4. 3DUDPHWHUVDQGVSHFLPHQ¶VLGHQWLILFDWLRQ 
 5(68/762)3$5$0(75,&678'<

'XFWLOLW\DQGIDLOXUHPRGH

7KHIUDFWXUHRIWKHIODQJHVDWKHDWHG]RQHVFDQEHSUHGLFWHGZKHQWKHHTXLYDOHQWSODVWLFVWUDLQ
3((4H[FHHGVWKHFULWLFDOOLPLW>@7KHUXSWXUHRIWKHIODQJHZDVWKHPDLQIDLOXUHPRGH
IRU WKH FRPSRVLWH FRQQHFWLRQ ZLWKRXW ZHE RSHQLQJ 7KH FRPSRVLWH DFWLRQ UHVXOWHG LQ WKH
XSZDUGVKLIWRIWKHQHXWUDOD[LVZKLFKOHGWRWKHFRQFHQWUDWLRQRIWKHVWUHVVDQGWKHVWUDLQRQ
WKH ERWWRP IODQJH )LJXUH  7KLV ZDV RQH RI WKH PDLQ IDLOXUH UHDVRQV RI VWHHO VWUXFWXUHV
GXULQJWKHSUHYLRXVPDMRUHDUWKTXDNHV>DQG@7KHIDLOXUHPRGHVRIWKH5:6FRQQHFWLRQV
ZLWKFRPSRVLWHEHDPVZHUHPRUHFRPSOH[GXH WR WKHZHDNHQHG ORFDO VKHDU VWLIIQHVVDW WKH
RSHQLQJORFDWLRQZKLFKUHVXOWVLQD9LHUHQGHHOPRPHQW7KLVHYLGHQWO\FDXVHGWKHGLIIHUHQW
IDLOXUH PRGHV WKDW ZHUH REVHUYHG IRU WKH 5:6 FRQQHFWLRQV GHSHQGLQJ RQ WKH JHRPHWULF
SDUDPHWHUVRIWKHRSHQLQJ

       
Fig. 6. 5XSWXUHRIWKHIODQJH                       Fig. 7)DLOXUHPRGHV 
*HQHUDOO\ IRU FRQQHFWLRQV ZLWK VPDOO RSHQLQJ GLDPHWHUV HJ K ORFDO EXFNOLQJ RI WKH
EHDPZDVFDSWXUHGDVLWLVVKRZQLQ)LJXUH+RZHYHUWKHXVHRIZHERSHQLQJZLWKDVPDOO
GLDPHWHUDQGODUJHHQGGLVWDQFHHJVSHFLPHQ3G6ZDVQRWHIIHFWLYHWRPRELOLVHWKH
VWUHVVDZD\IURPWKHFROXPQIDFHDQGWKHIDLOXUHPRGHZDVWKHUXSWXUHRIWKHEHDP¶VERWWRP
IODQJH DV GHPRQVWUDWHG LQ )LJXUH  7KH FRQQHFWLRQV ZLWK D ODUJH RSHQLQJ GLDPHWHU HJ
K VXIIHUHG DKLJK 9LHUHQGHHOPRPHQWZKLFK H[FHHGHG WKH9LHUHQGHHO FDSDFLW\RI WKH
WHHV$FFRUGLQJO\ WKHSUHGRPLQDQW IDLOXUHRI WKHFRQQHFWLRQVZLWK ODUJHZHERSHQLQJVZDV
WKH9LHUHQGHHOPHFKDQLVPLQGHSHQGHQWRIWKHHQGGLVWDQFH)LJXUH

7KH FRPSRVLWH HIIHFW ZDV UHVSRQVLEOH IRU WKH GHWHULRUDWLRQ RI WKH FRQYHQWLRQDO FRPSRVLWH
VHFWLRQ GXH WR VWUHVV FRQFHQWUDWLRQ DQG SUHPDWXUH UXSWXUH RI WKH IODQJH 7KH GXFWLOLW\ ZDV
GHFUHDVHG IURP  WR   ZKHQ WKH VODE ZDV DGGHG WR WKH XQSHUIRUDWHG
QRQFRPSRVLWHFRQQHFWLRQ+RZHYHUWKHXVHRIWKHZHERSHQLQJVXFKDVLQPRGHO3G6
HQKDQFHG WKH GXFWLOLW\ LQ WKH SRVLWLYH DQG WKH QHJDWLYH GLUHFWLRQV E\  DQG 
UHVSHFWLYHO\ 7KLV HQKDQFHPHQW KDG D JUHDW SRVLWLYH HIIHFW RQ WKH GLVVLSDWHG HQHUJ\ ZKLFK
ZDV LQFUHDVHG E\  ZLWKRXW DIIHFWLQJ WKH QHJDWLYH XOWLPDWH VWUHQJWK VLJQLILFDQWO\ OHVV
WKDQ ,QSUHYLRXV VWXGLHV WKH FRPSRVLWH HIIHFWZDVQHJOHFWHG LQRUGHU WR UHSUHVHQW WKH
VHYHUHVW FDVH LQ WHUPV RI XOWLPDWH FDSDFLW\ +RZHYHU WKH FRPSRVLWH HIIHFW VKRXOG EH
FRQVLGHUHGGXULQJWKHVWXG\RI5:6FRQQHFWLRQVVLQFHLWVHIIHFWPD\GHWHUPLQHWKHLUGXFWLOLW\
DQGURWDWLRQDOFDSDFLW\

&RPSRVLWHHIIHFW

7DEOH  LOOXVWUDWHV WKH FRQWULEXWLRQ RI WKH VODE LQ WKH SRVLWLYH DQG QHJDWLYH GLUHFWLRQV ,W LV
REYLRXV IURP WKH WDEOH WKDW WKH SRVLWLYH DQG QHJDWLYH FDSDFLWLHV RI WKH FRPSRVLWH 5:6
FRQQHFWLRQVZHUHKLJKHUWKDQWKHQRQFRPSRVLWHFRQQHFWLRQV+RZHYHUWKHFRPSRVLWHHIIHFW
ZDV VLJQLILFDQWO\ DIIHFWHG WKH PRPHQW FDSDFLW\ RI FRQQHFWLRQ LQ WKH SRVLWLYH GLUHFWLRQ
)XUWKHUPRUHWKHFRPSRVLWHHIIHFWZDVQRWVLPLODUIRUDOOH[DPLQHGRSHQLQJGHSWKV:KLOHWKH
DYHUDJHFRQWULEXWLRQRIWKHFRPSRVLWHLQWKHSRVLWLYHGLUHFWLRQZDVIRUWKHVPDOORSHQLQJ
GLDPHWHULWFKDQJHGWRZKHQWKHODUJHRSHQLQJGLDPHWHUZDVXVHG 


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Table 1. &RQWULEXWLRQRIFRPSRVLWHDFWLRQ 
7KHFDSDFLW\RI WKHFRPSRVLWH5:6FRQQHFWLRQFDQEHHVWLPDWHGDFFXUDWHO\XQGHUQHJDWLYH
PRPHQWZLWKRXWLQFOXGLQJWKHFRPSRVLWHHIIHFWZKHQVPDOORSHQLQJGHSWKLVXVHGVLQFHWKH
DYHUDJH HIIHFW RI FRPSRVLWH IRXQG WR EH RQO\  +RZHYHU WKH DYHUDJH HIIHFW RI WKH
FRPSRVLWH DFWLRQ ZKHQ ODUJHU ZHE RSHQLQJ LQWURGXFHG ZDV IRXQG WR EH VLJQLILFDQW )RU
LQVWDQFH WKH LQFUHDVH LQ QHJDWLYH FDSDFLW\ RI WKH FRPSRVLWH 5:6 ZDV  DJDLQVW WKH
QRQFRPSRVLWH FRQQHFWLRQ ZKHQ WKH RSHQLQJ GHSWK ZDV K 7KHUHIRUH WKH FDOFXODWHG
QHJDWLYH FDSDFLW\ WHQGV WR EH YHU\ FRQVHUYDWLYH LI WKH FRPSRVLWH HIIHFW LV QHJOHFWHG ZKHQ
ODUJHRSHQLQJGLDPHWHULVXVHG

6WUHVVDQGVWUDLQGLVWULEXWLRQ

)LJXUHGHSLFWVWKHVWUHVVDQGWKHVWUDLQGLVWULEXWLRQIRUXQSHUIRUDWHGDQG5:6FRQQHFWLRQV
7KHVWUHVV DQG3((4ZHUH FRQFHQWUDWHGPDLQO\ LQ WKHZHOGLQJ]RQHDQG WKHFROXPQSDQHO
]RQHIRUWKHFRQQHFWLRQZLWKRXWZHERSHQLQJ,QWKHFDVHRIXVLQJWKHSHUIRUDWHGEHDPWKH
\LHOGLQJZDVSURPRWHG LQ WKHYLFLQLW\RI WKHZHERSHQLQJDQG WKHUHZDVQRVWUHVVRU VWUDLQ
FRQFHQWUDWLRQREVHUYHGDW WKHZHOG ORFDWLRQ0RUHVSHFLILFDOO\DQH[DPSOH LVGHPRQVWUDWHG
WKURXJKVSHFLPHQ3G6ZKLFKH[SHULHQFHGVWUHVVFRQFHQWUDWLRQLQWKHWRSIODQJHDWWKH
ZHOG DUHD +RZHYHU WKH 3((4 LQ WKH WRS IODQJH DW WKLV ORFDWLRQ ZDV YHU\ VPDOO ZKLFK
UHYHDOHGWKDWWKHUXSWXUHRIWKHIODQJHGLGQRWRFFXU 


Fig. 8. 6WUHVVDQGVWUDLQGLVWULEXWLRQ 
%RWKRSHQLQJSDUDPHWHUVd0DQGSKDGVXEVWDQWLDOLQIOXHQFHRQWKHVWUHVVGLVWULEXWLRQDWWKH
ZHERSHQLQJORFDWLRQ7KHVWUHVVZDVFRQFHQWUDWHGLQWKHEHDP¶VIODQJHVZKHQVPDOORSHQLQJ
GLDPHWHUZDVXVHG2QWKHRWKHUKDQG WKH9LHUHQGHHOEHKDYLRXUZDVFOHDUO\REVHUYHGLH
IXOO\ IRUPHG ZKHQ ODUJH ZHE RSHQLQJ XVHG ZKLOH WKH VWUHVV PDLQO\ FRQFHQWUDWHG LQ WKH
YLFLQLW\RIWKHZHERSHQLQJDWIRXUVSHFLILFDQJOHVLHIRUPDWLRQRISODVWLFKLQJHVIURPWKH
FHQWUHRIWKHRSHQLQJVSHFLPHQ3G6


 &21&/8',1*5(0$5.6

$ FRPSXWDWLRQDO VWXG\ ZDV FDUULHG RXW WR LQYHVWLJDWH WKH EHKDYLRXU RI WKH FRPSRVLWH
EHDPFROXPQFRQQHFWLRQXVLQJDQLVRODWHGFLUFXODUZHERSHQLQJ7KH)(PRGHOXVHGLQWKH
SDUDPHWULFDQDO\VLVZDVILUVWO\YDOLGDWHGDJDLQVWDQH[SHULPHQWDOWHVWIRXQGLQWKHOLWHUDWXUH
7KLVSDSHUIRFXVHVRQWKHHIIHFWRIWKHRSHQLQJGLDPHWHUd0DQGWKHGLVWDQFHEHWZHHQWKHIDFH
RIWKHFROXPQWRWKHFHQWUHOLQHRIWKHZHERSHQLQJS XQGHUF\FOLF)(DQDO\VLV%DVHGRQWKH
DQDO\VLVRIWKHSDUDPHWULFPRGHOVWKHIROORZLQJFRQFOXVLRQVFDQEHGUDZQ
 ,Q WKH OLWHUDWXUH WKH FRQFUHWH VODE ZDV QHJOHFWHG GXULQJ WKH VWXG\ RI WKH 5:6
FRQQHFWLRQV LQ RUGHU WR UHSUHVHQW WKH VHYHUHVW FDVH LQ WHUPV RI XOWLPDWH FDSDFLW\
+RZHYHUWKHFXUUHQWVWXG\SURYHVWKDWWKHFRPSRVLWHHIIHFWVKRXOGEHLQFOXGHGVLQFH
LWKDVDVHYHUHHIIHFWRQWKHGXFWLOLW\DQGWKHURWDWLRQDOFDSDFLW\
 7KHXVHRIWKHFLUFXODUZHERSHQLQJZLWKFHUWDLQSDUDPHWHUVd0DQGSLPSURYHVWKH
SHUIRUPDQFHRIWKHFRQQHFWLRQVLJQLILFDQWO\ZKLOHWKHSRVLWLRQRIWKHSODVWLFKLQJHLV
PRELOLVHGDZD\IURPWKHFROXPQIODQJHWRWKHORFDWLRQRIWKHRSHQLQJ)RULQVWDQFH
LQVSHFLPHQ3G6WKHGLVVLSDWHGHQHUJ\ZDVLQFUHDVHGE\FRPSDULQJZLWK
WKH QRQFRPSRVLWH XQSHUIRUDWHG FRQQHFWLRQ ZLWKRXW DIIHFWLQJ WKH ORDG FDUU\LQJ
FDSDFLW\RIWKHFRQQHFWLRQ 
 7KHFRQWULEXWLRQRIFRPSRVLWHDFWLRQWRWKHORDGFDUU\LQJFDSDFLW\WHQGVWREHKLJKHU
XQGHUQHJDWLYHEHQGLQJPRPHQWZKHQODUJHURSHQLQJVDUHFRQVLGHUHG7KHUHIRUHWKH
FDOFXODWHGQHJDWLYHFDSDFLW\WHQGVWREHYHU\FRQVHUYDWLYHLQFDVHWKHFRPSRVLWHHIIHFW
LVQHJOHFWHGZKLOHXVLQJODUJHZHERSHQLQJV&RQVHTXHQWO\LWLVKLJKO\UHFRPPHQGHG
WRFRQVLGHUWKHFRPSRVLWHHIIHFWGXULQJWKHGHVLJQVWDJH 




$&.12:/('*(0(176
7KH ILUVW DXWKRU ZRXOG OLNH WR H[SUHVV KLV JUDWLWXGH WR -DSDQ ,QWHUQDWLRQDO &RRSHUDWLRQ
$JHQF\ -,&$ IRU ILQDQFLDOVXSSRUWLQJKLP WR IROORZWKH(DUWKTXDNH(QJLQHHULQJ'LVDVWHU
0LWLJDWLRQFRXUVH
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ʊʏɿ ɻ ʖʌɼʍɻɷɿɳʏʌɻʏɻʎɷʉʃʉʑ ɸʀʆɲɿ ɲʋʉʏɸʄɸʍʅɲʏɿʃɼ ʃɲɽʙʎ ʉɿ ʐʗɻʄɹʎ ʏɳʍɸɿʎ ʍʐɶʃɸʆʏʌʙʆʉʆʏɲɿ
ʅɲʃʌɿɳɲʋʊʏɲʋɹʄʅɲʏɲʏɻʎʃʉʄʊʆɲʎ ?ɀɸɲʐʏʊʆʏʉʆʏʌʊʋʉ ?ɻʉʄʃɿʅʊʏɻʏɲʏɻʍʑʆɷɸʍɻʎɸʆɸʌɶɸʀʘʎ
ʅɹʏʌʉ ɲʋʊʍɴɸʍɻʎ ɸʆɹʌɶɸɿɲʎ ? ɇʏɻʆ ɴɿɴʄɿʉɶʌɲʔʀɲ ?ʍʑʅʅɸɿʃʏɸʎʍʐʆɷɹʍɸɿʎ ɷɸʆ ɹʖʉʐʆ
ʄɻʔɽɸʀʐʋʊʗɿʆʅɸ ʍʃʉʋʊ ʆɲ ʃɲʏɲʆʉɻɽɸʀ ɻʖɸʀʌɿʍʏɻʋɸʌʀʋʏʘʍɻ  ?ʅɸʏɲʄʄɿʃɹʎ ʍʐʆɷɹʍɸɿʎ
ʖʘʌʀʎʍʑʅʅɸɿʃʏɻʋʄɳʃɲ ? ʊʍʉʆ ɲʔʉʌɳ ʏʉʔʉʌʏʀʉ ɲʆʏʉʖɼʎ  ? ȸʅɸʄɹʏɻ ɲʋʉɷɸɿʃʆʑɸɿ ʊʏɿ
ɻʍʑʅʅɸɿʃʏɻʍʐʅʋɸʌɿʔʉʌɳ ʏɻʎ ʍʑʆɷɸʍɻʎ ʋʌɹʋɸɿ ʆɲ ʍʐʅʋɸʌɿʄɲʅɴɳʆɸʏɲɿ  ? ʃɲɽʙʎ ɹʖɸɿ ɲʌʆɻʏɿʃɼ
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ʍʐʅʋɹʌɲʍʅɲ ʊʏɿ ɻ ʍʐʅɴʉʄɼ ʏɻʎʍʑʅʅɸɿʃʏɻʎɷʌɳʍɻʎ ʍʏʉʔʉʌʏʀʉ ɲʐʇɳʆɸʏɲɿ ʅɸ ʏɻʆ ɲʑʇɻʍɻ ʏɻʎ
ɷɿɲʅɹʏʌʉʐ ʏʉʐ ɲʆʉʀɶʅɲʏʉʎ ʃʉʌʅʉʑ ʏɻʎ ɷʉʃʉʑ ?ȵʋʉʅɹʆʘʎ ? ɻ ʐʋʉʄʉɶɿɺʊʅɸʆɻ ʅɸʀʘʍɻ ɿʃɲʆʊʏɻʏɲʎ
ʔʉʌʏʀʉʐ ʄʊɶʉ ʏʘʆ ɲʆʉɿɶʅɳʏʘʆ ʏʉʐ ʅɸʏɲʄʄɿʃʉʑ ʃʉʌʅʉʑ ʏɸʀʆɸɿ ʆɲ ɸʀʆɲɿ ʋʉʄʑ ʍʐʆʏɻʌɻʏɿʃɼ ɸɳʆ
ɻʍʑʅʅɸɿʃʏɻʍʐʅʋɸʌɿʔʉʌɳʋɲʌɲʄɻʔɽɸʀʊʏɲʆʖʌɻʍɿʅʉʋʉɿɸʀʏɲɿɳʆʉɿɶʅɲʅɸɶɳʄɻʎɷɿɲʅɹʏʌʉʐ ?



